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Autocatalytic pH clocks can be useful to control self-assembly in
the time domain. Their applications are, however, limited by the
currently available toolbox. We describe here an approach for the
design of a dynamic pH switch that generates intense alkali-to-
acid changes after a tailorable lagtime (from minutes to hours),
and we demonstrate its application for the time-controlled
supramolecular self-assembly of nanofibers.

Chemical feedback is defined as the influence of a species on
the rate of its own production." Autocatalytic reactions, in
which a product catalyzes its own formation, are prototypical
examples of positive chemical feedback. As such, they play
key roles in complex (bio)chemical dynamics,> for both
living systems and artificial materials. In closed systems,
autocatalysis often manifests as an exponential product
increase after a controllable time lag, a behavior which is
usually referred to as a “chemical clock”™ and can be
accompanied by a sudden change of pH and/or redox
potential. Such dynamic switches® are useful for the design
of time-controlled self-assembly, which, in a broader
perspective, could translate in the development of new
materials.®® Examples of previously reported applications
include the self-assembly of colloidal particles,”" micelles,"
and the triggering of thiol-acrylate polymerization.">"*
Nevertheless, the vast majority of these systems are based on
acid-to-alkali systems, such as the urease-urea'® and the
methylene glycol-sulfite clock reaction."

We describe here an easy method to program the
autonomous activation of acid-autocatalyzed reactions, based
on the hydrolysis of cyclic esters. Our approach allows to
tailor the lagtime and dramatically increases the magnitude
of the pH change (ApH ca. 7). Finally, we demonstrate its
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Controlling self-assembly in time with small-molecule networks is a
fundamental step for the development of dynamic materials. Chemical
clocks are especially promising as in situ switches, but the available
toolbox of such small-molecule networks is limited. To help solve this
problem, we describe a practical approach for programming sudden
and intense (up to 7 units) alkali-to-acid pH changes after a tailorable
lagtime. Our approach is based on coupling the bromate-sulfite acid-
autocatalyzed reaction with cyclic esters (8-gluconolactone and 1,3-
propanesultone) as slow generators of hydrogen ions. The initial delay
is thus dictated by the nature and concentration of the cyclic ester and
can be extended from minutes to hours. We demonstrate the
usefulness of our method for controlling pH-driven supramolecular
self-assembly.

application for time-domain programming of supramolecular
self-assembly of a pH-responsive perylene diimide, as
sketched in Fig. 1.

Acid-autocatalyzed reactions proceed slowly in neutral or
basic conditions (pH = 7), while for pH < 6 their rapid
acceleration manifests in a sudden drop of pH, which can be up
to 2-3 units. Reactions of this kind have been described for
dynamic particle self-assembly,"”> chemomechanical hydrogel
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Fig. 1 Supramolecular assembly of a pH-responsive perylene diimide
triggered by programmed acid autocatalysis.
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actuation,'® chemical morphogenesis,'”” and for the design of
blood-clotting models.'® Since the delay time, or lagtime, cannot
be flexibly tuned by changing the initial reactants
concentrations, these reactions are usually triggered by the
direct addition of acid to lower the pH. The necessity of external
control is an obvious limitation for the use of acid-autocatalyzed
reactions as switches. Furthermore, having to start at a neutral
or slightly acidic pH narrows the applicability range.

It has long been known that the hydrolysis of esters is
associated with complex dynamics. In 1937, R. Skrabal
studied the saponification of di- and trichloroacetic esters
using a clock reaction approach.’ In 1992, P. L. Luisi et al.
showed that micelles could be autocatalytically generated
from the alkaline hydrolysis of a fatty acid ester.>® Lactones,
cyclic esters of carboxylic acids, have been recently
demonstrated for controlling the behavior of chemical clocks,
such as the methylene glycol-sulfite” and the chlorite-
iodide*" reactions, through their hydrolysis. Compared to
linear esters, cyclic esters have an enhanced tendency
towards hydrolysis, which is driven by the release of ring
strain.”*> 8-Gluconolactone (GL) is one of the most popular: it
is non-toxic, readily soluble in water (0.59 g mL™) and it
rapidly hydrolyzes to gluconic acid (pK, 3.86) (eqn (1)). The
application of GL as an in situ acid generator for the
controlled gelation of dipeptides and other low molecular
weight hydrogelators,>® demonstrated by D. ]. Adams
et al., is another example of the importance of this approach
for soft matter research.

OH
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Here we employ also sultones as in situ acid generators for
the programming of acid autocatalysis, and we demonstrate
their advantages compared to lactones. Sultones are the
cyclic esters of sulfonic acids. 1,3-Propanesultone (PrS) is one
of the simplest sultones, and is a useful sulfoalkylating agent
in organic synthesis, medicinal chemistry, and surfactant
production. It has good solubility in water (0.1 ¢ mL™), with
which it slowly reacts yielding 1-hydroxypropanesulfonic acid

(PKa 1.53) (eqn (2)).
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5-Gluconolactone and 1,3-propanesultone have very
different hydrolysis behavior. At room temperature (20 °C),
the hydrolysis constant of GL is*>” kg, = 1 x 10 s and is
much lower for PrS: kps = 1 x 10 s™* (corresponding to a
14.8 h half-life).*®* At alkaline pH, this difference is even
more evident: GL is hydrolyzed in minutes®” (kgp oy = 4 x 10°
M s7'), while the half-life of PrS is of the order of hours.*
These differences enable to efficiently tune the activation
time of acid autocatalysis.
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To demonstrate the programming of acid autocatalysis
with cyclic esters we chose the bromate-sulfite (BS) reaction,
thanks to its well-understood behavior. The thermodynamic
equations®! for the BS reaction can be formulated as follows
(eqn (3) and (4)):

S0,>” + H" = HSO;~ (3)
BrO;” + 3HSO, — Br +3S0,> +3H" (4)

The BS reaction produces three equivalents of hydrogen
ions for each equivalent used, resulting in an autocatalytic
pH decrease. The following concentrations were used:**
sodium bromate [NaBrO;] = 220 mM and sodium sulfite
[Na,SO;] = 60 mM. In these conditions, the self-activated
reaction required more than 2.5 h to display a pH change
ApH of ~3.7 units, starting at pH 9.5 (the alkalinity is due to
sodium sulfite) (Fig. 2A and B).

In our approach, the hydrogen ions necessary for the BS
reaction to start are produced by the hydrolysis of
d-gluconolactone or 1,3-propanesultone. As shown in
Fig. 2A and B, both cyclic esters are able to trigger the
bromate-sulfite reaction. GL produced a decrease of about
1.5 pH units in the reaction mixture immediately after its
addition, while with PrS the pH decrease was much more
gradual, as expected, given its slower hydrolysis rate.
Independent of the cyclic ester used, the initial pH remained
fairly constant until the drop produced by the onset of acid
autocatalysis. This is because the generated hydrogen ions
are quickly scavenged by sulfite, transforming into bisulfite
(eqn (3); k3 = 5 x 10" M™ s7'),*” which then reacts with
bromate (eqn (4)). This pH-buffering ability of sulfite was
confirmed by dedicated control experiments (Fig. S1t). With
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Fig. 2 pH-Time profiles for the activation of the bromate-sulfite (BS)
clock reaction using different concentrations of (A) 5-gluconolactone
and (B) 1,3-propanesultone. Relationship between the concentration of
cyclic ester and (C) the time of maximum pH change, (D) the
magnitude of the pH change achieved.
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acid autocatalysis, the pH drop is sharper than the one
produced by cyclic esters' hydrolysis alone.

The time of the onset of acid autocatalysis was determined
by the nature and the concentration of the cyclic ester used,
and could be flexibly tuned from minutes to hours (Fig. 2C).
In the concentration range we tested (between 100 mM and
10 mM), the use of 3&-gluconolactone corresponded to
activation times between 3 and 15 min, while with 1,3-
propanesultone lagtimes between 15 min and 1 h were
obtained; even longer times (ca. 2 h) were obtained with 1,4-
butanesultone (Fig. S2t). Increasing or reducing further the
concentration of the chosen cyclic ester might allow a wider
range of activation times. In addition, both GL and PrS can
generate dramatic pH changes (ApH) between the initial and
final state, from ~3.7 for the self-activated reaction to a
maximum of ~6.8 with 100 mM PrS (Fig. 2D). The
advantages of in situ acid generation compared to direct,
external acid addition can be appreciated from Fig. S3,f
which shows the effect of model acids on the bromate-sulfite
reaction. Unsurprisingly, the direct addition of acid resulted
in the drastic lowering of the initial pH and in dramatically
faster (<2 min) activation times.

We then used our approach for the time-domain control of
pH-driven supramolecular self-assembly. Supramolecular
building blocks offer enticing possibilities for the
development of time-responsive materials,**>* especially
because intermolecular interactions, such as n-n stacking and
hydrogen-bonding, can be used to facilitate self-assembly.*

Perylene diimides (PDI), thanks to the n-m attractive
interactions between the perylene cores, are prone to
assemble into ordered 1D nanostructures such as rods and
fibers.***” This and other remarkable qualities, such as high
physico-chemical stability and good optoelectronic properties,
make them useful supramolecular building blocks.***°

We chose the pH-responsive perylene diimide derivative
(3-aminopropanoic acid)-perylene-3,4:9,10-tetracarboxylic acid
diimide (“PDIacid”). With an apparent pK, of 4.9 (determined
by titration), PDIacid is soluble in water at alkaline pH (pH >
pK,), because the negative charges generated by the
deprotonation of the carboxylic acid groups can overcome
the m-m attractive interaction between the perylene cores,
keeping them separated. On the other hand, when pH < pK,,
protonation results first in a color change from pink to
yellow, and then in the formation of supramolecular
aggregates (Fig. 3A and C).

In the deprotonated state, PDIacid has a strong absorption
peak centered at 500 nm, which disappears when it is
protonated (Fig. S47). Coupled pH and UV-vis measurements
showed that the rapid pH decrease brought by acid
autocatalysis resulted in the supramolecular self-assembly of
PDIacid (Fig. 3B and D). Stirring promoted further
aggregation, resulting in the production of macroscopic
structures (Fig. 4B and D, Movie S1 and S27).

Dynamic light scattering (DLS) was used to obtain further
insight on the self-assembly process of PDIacid. As shown in
Fig. 4A and C, particles with hundreds of nanometers in size
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Fig. 3 Self-assembly of PDlacid triggered by the BS reaction in
presence of cyclic esters. Experimental pictures: (A) 100 mM GL, (C)
100 mM PrS. (B and D) Evolution of pH and absorbance at 500 nm as a
function of time. Noise in absorbance curves is due to the formation of
large scattering aggregates.

appeared abruptly after a lagtime, which was dependent of
the concentration and nature of cyclic ester (Fig. 4A and B).
The results also suggested that the assemblies stopped
growing soon after their formation.

Scanning electron microscopy (SEM) was used to
investigate the morphology of the PDIacid assemblies
obtained with both cyclic esters. From Fig. 4C and D it is clear
that PDIacid assembled into fibers with hundred of
nanometers to micrometers in length. This morphology is
typical for perylene bisimide assemblies and originates from
the n-m stacking between the perylene cores. Hydrogen
bonding between the lateral carboxylic acid groups could also
be involved.”* However, the fibers obtained with the two cyclic
esters have significantly different diameters. This difference
is not yet explained, and it deserves further investigation.
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Fig. 4 The sudden assembly of PDlacid, driven by the BS reaction in
presence of different concentrations of GL (A) and PrS (B), as revealed
by dynamic light scattering (DLS). (C and D) Representative scanning
electron microscopy (SEM) images of the supramolecular assemblies
obtained with both cyclic esters.
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Conclusions

We show how to program the activation time of an acid-
autocatalyzed reaction, using cyclic esters as in situ slow
generators of hydrogen ions. The lagtime can be tuned from
minutes to hours, depending on the cyclic ester and its
concentration. Applying our approach to the time-
programming of supramolecular self-assembly of a pH-
responsive perylene diimide, we demonstrate that the
activation of acid autocatalysis results in the sudden
formation of ordered structures. Our findings are not limited
to the bromate-sulfite clock, and can be extended to other
acid-autocatalytic systems (such as the chlorite-tetrathionate
reaction) as well as to other building blocks.
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